Abstract Shelves surrounding reefless volcanic ocean islands are formed by surf erosion of their slopes during changing sea levels. Posterosional lava flows, if abundant, can cross the coastal cliffs and fill partially or completely the accommodation space left by erosion. In this study, multibeam bathymetry, highresolution seismic reflection profiles, and sediment samples are used to characterize the morphology of the insular shelves adjacent to Pico Island. The data show offshore fresh lava flow morphologies, as well as an irregular basement beneath shelf sedimentary bodies and reduced shelf width adjacent to older volcanic edifices in Pico. These observations suggest that these shelves have been significantly filled by volcanic progradation and can thus be classified as ''rejuvenated.'' Despite the general volcanic infilling of the shelves around Pico, most of their edges are below the depth of the Last Glacial Maximum, revealing that at least parts of the island have subsided after the shelves formed by surf erosion. Prograding lava deltas reached the shelf edge in some areas triggering small slope failures, locally decreasing the shelf width and depth of their edges. These areas can represent a significant risk for the local population; hence, their identification can be useful for hazard assessment and contribute to wiser land use planning. Shelf and subaerial geomorphology, magnetic anomalies and crustal structure data of the two islands were also interpreted to reconstruct the long-term combined onshore and offshore evolution of the Faial-Pico ridge. The subaerial emergence of this ridge is apparently older than previously thought, i.e., before 850 ka.
Regional Setting
The Azores archipelago (Figure 1 ) is located in the central North Atlantic Ocean, on an irregular triangularshaped plateau limited by the 2000 m bathymetric contour [Lourenço et al., 1998 ]. This plateau is the result of magmatic activity related to a hot spot close to the triple junction between the Eurasian (Eu), Nubian (Nu), and North American (NA) plates [e.g., Cannat et al., 1999; Gente et al., 2003; Laughton and Whitmarsh, 1974; Schilling, 1975] . The plateau extends beyond the Mid-Atlantic Ridge (MAR) to the NA plate, where the western group of islands (Flores and Corvo) lie. East of the MAR, the plateau is bounded in the north by the Terceira Rift (TR) and in the south by the inactive East Azores Fracture Zone (EAFZ). Linking the MAR to the western tip of the Gloria Fault (GF) lies a complex structure composed of alternating volcanic edifices and tectonic basins that progressively rotates from E-W to WNW-ESE and NW-SE. Over this volcanotectonic structure which is the expression of the right-transtensional shear zone that constitutes the Eu-Nu boundary [Hip olito et al., 2013; Lourenço et al., 1998; Marques et al., 2013] lie the central (Terceira, Graciosa, São Jorge, Pico, and Faial Islands) and eastern groups of islands (São Miguel and Santa Maria Islands).
Local Geological Setting
The following details of Pico Island's geology are taken from several studies Madeira and Brum da Silveira, 2003; Nunes, 1999] . Although there is no consensus about Pico's volcanic stratigraphy, we will follow the scheme proposed by Nunes [1999] because it incorporates the most recent and detailed mapping. This volcano-stratigraphy is based on field relations, geomorphological and weathering criteria, and a limited number of radiometric ages.
Pico Island corresponds to the westward subaerial expression of an elongated submarine ridge of around 83 km length (Figure 1 ) [Lourenço et al., 1998; Mitchell et al., 2012b; Stretch et al., 2006] . Above sea level, Pico Island is 46 km in length, has a maximum width of 15.8 km, and rises to an altitude of 2351 m at Ponta do Pico (Figure 2 ). The subaerial part of the island can be divided into three different physiographic regions ]: a tall stratovolcano, Pico Volcano, which dominates the western part of the island; a shield- Figure 2 . Simplified geologic map of Pico Island (modified from Nunes [1999] ) draped over a shaded relief image of the subaerial topography [from Instituto Geogr afico do Ex ercito, 2001a Ex ercito, , 2001b Ex ercito, , 2001c Ex ercito, , 2001d . Pico Volcano, Topo Volcano, and the Achada Plateau constitute the three physiographic regions that coincide, respectively, with the Montanha, Topo-Lajes, and São Roque-Piedade Volcanic Complexes. Straight comb-like black lines represent fault scarps of the graben (see section 2.2 for details): 2 is the Lagoa do Capitão fault and 3 the Topo fault. Dashed black lines are inferred faults. Delineation of landslide scars in red is from: 4 (São Mateus landslide; adapted from ]), 5 (Topo landslide; adapted from Hildenbrand et al. [2012a] ), 6 and 7 [adapted from Costa et al., 2014] . Names with the dates correspond to historical eruptions. The top right inset represents the Faial-Pico channel and the Faial Island. RVC, CVC, AF, and CapVC correspond, respectively, to Ribeirinha Volcanic Complex, Caldeira Volcanic Complex, Almoxarife Formation, and Capelo Volcanic Complex. Straight comb-like red lines represent fault scarps of the graben structure in the island. Lines offshore represent 50, 100, 200, and 500 m bathymetry contours (digitized from Instituto Hidrogr afico [1999] ). Geochemistry, Geophysics, Geosystems 10.1002/2015GC005733 like volcanic structure, Topo volcano, located on the south-central part of the island; and the Achada Plateau, a 29 km long, WNW-ESE to NW-SE volcanic ridge. These regions roughly coincide with the three main volcanic complexes described by Nunes [1999] : Montanha Volcanic Complex (MVC), Topo-Lajes Volcanic Complex (TLVC), and São Roque-Piedade Volcanic Complex (SRPVC) (Figure 2 ).
The oldest part of the island is the Topo volcano, which forms a promontory on its southern-central part (Figure 2) . It is formed of ankaramitic and basaltic lava flows of the TLVC and the only published K/Ar date provided an age of 250 6 40 ka [Chovelon, 1982] . The shield volcano still reaches an elevation of 1020 m, although modified by landslides, displaced by faulting, and covered by younger lavas [Hildenbrand et al., 2012a Madeira and Brum da Silveira, 2003; Mitchell et al., 2012a Mitchell et al., , 2013 .
The Achada Plateau (Figure 2 ) can be divided in two sections: the easternmost section trending WNW-ESE (from the eastern tip of the island to around number 1 in Figure 2 ) and the westernmost section trending NW-SE (from around number 1 in Figure 2 to the western end of SRPVC). It is composed of numerous Hawaiian/strombolian scoria cones and related lava flows of the SRPVC, located along the WNW-ESE to NW-SE trending axis of the plateau (Figure 2 ). Lavas issuing from these cones are mostly aa-flows, which cascaded down the steep northern and southern slopes of the plateau. The oldest subaerial lavas have a K/Ar age of 230 ka [Chovelon, 1982] but the present-day morphology is dominated by recent flows. Some of these flows have passed over cliffs cut in older units and originated lava deltas, such as the event of 1562-1564 A.D. eruption of Ponta do Mist erio (Figure 2 ). Volcanic activity has jumped along the Achada Plateau ridge without any well-defined migration pattern [Nunes, 1999; Nunes et al., 2006] .
The basaltic stratovolcano of Pico Mountain (Figure 2 ) rises 2351 m above sea level. MVC volcanism is basaltic and dominantly Hawaiian-strombolian, with occasional littoral surtseyan eruptions. Besides summit eruptions, abundant flank eruptions have occurred on Pico Mountain, producing scoria and spatter cones, and eruptive fissures and associated lava flows. The single K/Ar date of this volcanic complex is from Costa et al. [2014] and points out to an age of 53 ka. The very fresh morphology of Pico Mountain and the radiocarbon dates indicate intense activity during the Holocene Nunes, 1999] . Since the settlement in the fifteenth century, there have been two eruptions (Figure 2 ), in 1718 A.D. (Santa Luzia and São João eruptive centers) and 1720 A.D. (Silveira eruption) and a submarine eruption off the NW coast in 1963 [Madeira, , 2005 Nunes, 1999; Weston, 1964; Zbyszewski, 1963] .
Pico Island is bordered to the west by a narrow and shallow channel that separates it from Faial Island; hence, it is called the Faial-Pico Channel. This channel (top right inset in Figure 2 ) is in fact the submarine link between the two islands. It constitutes an 8 km wide shelf whose depth varies from 200 m at the N and S entrances to an average of 80 m in the middle.
East Faial is formed of volcanic products erupted by the Ribeirinha shield volcano that rose above sea level at 850-800 ka [F eraud, 1980] and was reactivated 400 ka ago in its NE flank [Hildenbrand et al., 2012b] . The west flank of this volcano is overlapped by the Caldeira stratovolcano since 120 ka [Hildenbrand et al., 2012b] . Two basaltic fissural volcanic systems developed on SE Faial (Almoxarife Formation at 30 6 20 ka [F eraud et al., 1980] ) and on the west tip of the island (Capelo Peninsula over the last 8 ka [Di Chiara et al., 2014] ). The later was the site of the only two historical eruptions in 1672 -1674 and 1957 -1958 [Madeira et al., 1995 .
Tectonic Structure
The island presents two main fault systems Madeira and Brum da Silveira, 2003] . The WNW-ESE to NW-SE trending normal dextral structures are mostly present on the Achada Plateau and are expressed by alternating volcanic alignments (scoria cones, scoria ramparts, and crater rows) and short fault scarps. This system forms a graben structure bounded in the north by the Lagoa do Capitão and in the south by the Topo fault zones (respectively, 2 and 3 in Figure 2 ). The western portion of the graben is completely covered by Pico stratovolcano while to the east, it is partially filled by lava flows emitted by cones of the SRPVC installed along this fault system. The NNW-SSE trending conjugate faults are marked by volcanic alignments and observed at the outcrop scale. Two large gravitational (flank collapse) structures were observed; one on the south flank of Pico stratovolcano (4 in Figure 2 ) (São Mateus landslide Nunes, 1999] ) and another on the south flank of Topo shield volcano (5 in Figure 2 ) (Arrife landslide [Hildenbrand et al., 2012a Madeira and Brum da Silveira, 2003; Mitchell et al., 2012a Mitchell et al., , 2013 ). Two further inferred landslides (6 and 7 in Figure 2 ) on the north side of the island are largely obscured by Geochemistry, Geophysics, Geosystems 10.1002 younger volcanism but have been identified in multibeam sonar data [Costa et al., 2014] . GPS and InSAR data covering the entire island from the 2001-2006 period revealed that the average modern subsidence of the island is between 5.7 and 7.2 mm/a [Catalão et al., 2011] .
Eastern Faial Island (top right inset in Figure 2 ) is dominated by a graben system composed of several normal dextral faults, which form two oppositely verging domino structures Madeira and Brum da Silveira, 2003; Trippanera et al., 2014] . Figure 3 shows a magnetization map of the Faial-Pico ridge combined with a digital elevation model of the islands and the surrounding seafloor. This map represents a solution from a 3-D inversion of aeromagnetic data from the Azores platform [Luis et al., 1994; Miranda et al., 1991] , compiled into a singular grid with 0.0058 step (latitude and longitude). Using Mirone software [Luis, 2007] , data were reduced to the pole and inverted according the methodology of Parker and Huestis [1974] . The magnetization map results from a layer with constant thickness of 1 km below bathymetric surface. A band-pass filter (1-120 km) was applied Dias et al. [2007] and the three darker green polygons correspond to high-density bodies in Camacho et al. [2007] (1) and Nunes et al. [2006] (2 and 3). Red dashed lines in polygons 1 and 2 are inferred limits of the high-density bodies of Camacho et al. [2007] and Nunes et al. [2006] because the gravimetric surveys were land based. [Quidelleur et al., 2003] , which is consistent with their known recent geological history. However, a significant area, covering the entire channel and part of east Faial and west Pico, presents negative magnetization values. The negative magnetization suggests construction of this area during the Matuyama Chron (>790 ka) [Quidelleur et al., 2003] . According to gravity studies, a large high-density body (dark green area numbered 1 in Figure 3) , located between 0.5 and 6 km below sea level, with a wall-like structure develops from the central caldera of Faial [Nunes et al., 2006] . No shipboard gravity data exist in the channel, but this body follows the direction of the graben system at Faial, which has a morphologic expression in the channel between these two islands Tempera, 2008] , and most likely extends across to Pico Island where another high-density body can be found [Camacho et al., 2007] (dark green area numbered 2 in Figure 3 ). Dias et al.
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[2007] also refer to a body located NNE of Faial Island (light green area numbered 4 in Figure 3 ) exhibiting high values of P-velocity (6.3-7.4 km/s) located deep in the crust, below 6 km. It partially overlaps the northern border of the two high-density bodies mentioned by Camacho et al. [2007] and Nunes et al. [2006] . These three bodies are probably connected and may correspond to solidified magmatic intrusions related with the feeding structures of the Faial-Pico ridge during the Matuyama period. 2012] . In Pico, the cover by young and very permeable lava flows has resulted in a very low drainage density. The few streams are ephemeral and surface drainage is only present during heavy precipitation episodes, mostly in the rainy season (October-March).
Information regarding oceanographic conditions in the islands of the central group is detailed in . Records show that the Azores are struck on average every 7 years by violent storms (extratropical storms or hurricanes [Andrade et al., 2008] ). Even outside these stormy events, regular years show remarkable wave energy [Rusu and Guedes Soares, 2012] . The annual prevailing waves [see Quartau et al., 2012, Figure 3] hit the NW (29%) and W (24%) coastlines. They are also the highest, with average significant wave height (H s ) of 2.9 and 3.1 m, respectively. Waves from the N are also important (16%) with H s of 2.5 m.
Waves from the SW also present the highest H s (3.1 m) but their frequency is much lower (8%). In the specific case of Pico Island, sheltering effects probably occur in the western and north-eastern coasts, caused by the presence of Faial and São Jorge Islands, respectively ( Figure 1 ).
The Azorean islands are very young geomorphologically due to their frequent and recent volcanism. There are no wide-open valleys, meandering streams, inundation plains, and all water courses are ephemeral in the archipelago [Louvat and Allègre, 1998 ]; thus, sediments on the shelf are mainly sourced from cliff erosion . The residence time of these sediments nearshore is also likely to be small due to the large wave energy to which these coasts are exposed. Because of that, the nearshore substrates of these islands, down to 30-50 m depth, are mostly rocky . Sediments are remobilized from the nearshore to the middle and outer shelf by downwelling currents that form during storms [Meireles et al., 2013] , forming clinoform bodies . During the storms, these currents are so strong that fine sediments like silt or fine sand most likely cross the shelf edge and are deposited on the submarine slopes of the island. Measurements of these currents at 20 m water depth showed velocities up to 2 m/s associated with H s of 5 m [Youssef, 2005] . Such wave conditions occur on a yearly basis in the Azores and can easily reach twice this value during stronger storms [Instituto Hidrogr afico, 2005] . The Azorean shelves dominated by wave erosion have high coastal retreat rates (0.21 m/yr on average [Borges, 2003] ) and contain extensive and thick (up to 50 m) aggrading to prograding sedimentary bodies, which are believed to have been formed in the last 6.5 ka . High-resolution seismic reflection profiles were collected around Pico Island with a CHIRP sonar system (1.5-10 KHz, Datasonics CAP-6000W) and a boomer (EG&G 230-1) in July 2002, onboard the R/L Aguas Vivas and the R/V Arquip elago [Quartau et al., 2002b] . The seismic tracks ( Figure 4 ) were designed for marine aggregate mapping purposes, so they were not placed optimally for studying the outer shelf of the island. The lines were acquired between 10 and 80 m water depth, seldom reaching the shelf edge. Survey lines were mainly normal to the shore separated by 700 m with a cross-line run around the island at approximately 40 m depth. Acquisition and processing parameters are described in . Most of the subbottom analysis was carried out on the boomer data, whereas the CHIRP was mainly used for seabed classification because of limited penetration over the coarse sandy sedimentary seafloor [Quartau and Curado, 2002b; Quartau et al., 2003] . Vertical resolution of the boomer data is 1-2 m.
Data Sets and Methods

Acquisition and Processing of the Data Set
The subaerial digital elevation model of the islands (Figures 5a and 5b ) used in this work has a cell size of 10 m and was produced by the Portuguese military survey from 1:25000 topographic maps [Instituto Geogr afico do Ex ercito, 2001a Ex ercito, , 2001b Ex ercito, , 2001c Ex ercito, , 2001d .
Superficial sediment sampling was conducted in November 2003, aboard the R/V Arquip elago [Quartau et al., 2005] . Fifty-four stations were sampled using a box-corer (Figure 4 ). Grain size data were obtained using a dry sieving technique for material coarser than 21 Ø (2 mm) and a Coulter Counter LS-230 for finergrained material (<2 mm). The dry sieving was carried out over intervals of 1 Ø (25 Ø, 24 Ø, 23 Ø, 22 Ø, 
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and 21 Ø sieves). Both data sets were then merged to produce composite grain size distributions. Sediment texture analysis shows that most samples are coarse sands according to the Udden-Wentworth scale [Wentworth, 1922] , mainly composed of volcaniclastic sand (see Figures S1_a1_i, S1_b1_i, S1_b1_iii, S1_c1_i, S1_c3_i and S1_d3_i in the supporting information). Percentage of carbonate skeletal particles is normally less than 10%, but can occasionally reach higher values, up to 90%. 2001a, 2001b, 2001c, 2001d, 2001e, 2001f, 2001g, 2001h, 2001i, 2001j ] topographic maps; (b) Interpreted submarine topography: alternating black and blue lines represent the shelf edge and corresponding top of the cliffs of the shelf sectors defined around Pico Island. Light green, dark green, magenta, and light blue lines represent gradient breaks in the Faial-Pico channel. Red, black, and dark blue lines represent the shelf edge of the main volcanic edifices in Faial. Letters A-G represent each individual shelf segment or gradient breaks referred to in the text. Brown areas offshore represent submarine lava flow fields and green areas represent rocky outcrops without any interpretable volcanic structure and boulder fields. The black boxes locate the areas represented in Figures S1_a1-S1_f1 of the supporting information. Pink dashed dot line represents the interpreted old south coastline of the western Achada Plateau. Solid and dashed black lines onshore and offshore are, respectively, faults and inferred faults. Red dashed lines offshore represents the limits of the debris avalanches caused by the onshore landslides.
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Geomorphological Analysis of the Shelves
Shelves with a sharp seafloor surface (covered or not by sedimentary bodies) are interpreted to have resulted from surf erosion during the last sea level rise or even from previous sea level cycles. Additional information regarding the island history can be obtained from the depth of the present-day erosional shelf edge if the island has not been uplifting. If the depth of the edge is shallower than 123 m (the maximum depth reached during the Last Glacial Maximum (LGM) in Bintanja et al. [2005] ), these shelves have most likely started forming sometime during the rise of sea level after the LGM [Quartau et al., 2014] . Insular shelves in Pico are mostly formed by erosion of rock surfaces, since the predominant volcanism is effusive. Therefore, the depth of the erosional shelf edge should record the water level at that time [Quartau et al., 2010; Trenhaile, 2000 Trenhaile, , 2001 . Around Pico, the present depth of the shelf edge marks the beginning of the formation of the shelf and a sea level curve might be used to roughly infer the timing of that beginning. That timing marks the end of the main building phase of the volcanic edifice and the start of incision by wave action. If, on the contrary, the depth of the edge is deeper than 123 m depth, these shelf sectors were formed by erosion during the first lowstand after the main adjacent volcanism took place and have subsided since then [Quartau et al., 2014] . A minimum subsidence rate can then be estimated based on the age of the occurrence of the first lowstand after the end of the main volcanism. High cliffs backing the shelves, absence of submarine lava flows and well-developed mass-wasting features on their seaward edges can also be evidence of their old age. Such evidence implies that the volcanic edifice being incised by wave action was formed before the LGM. We use the term erosional shelves in the following text for those dominated by wave erosion.
Shelves covered by fresh submarine lava flow morphologies that do not show signs of erosion, with low adjacent coastlines and commonly irregular in plan view, imply recent volcanic progradation; i.e., after 6.5 ka, when sea level reached almost its present-day position in Iberia [Hern andez-Molina et al., 1994] , at the same latitude as the Azores. Here sea level has not yet intersected these structures so surf has not destroyed their primary surface features. The range of depths at which the fresh submarine lava flows occur may constrain the age of their progradation onto the shelf during the sea-level rise after LGM since their position suggests that sea level was already above that depth of emplacement [Quartau et al., 2014] . Erosional shelves in Faial and Terceira show evidence of volcanic progradation [Quartau et al., 2010 [Quartau et al., , 2014 ; however, these lava flows are often isolated and occupy small areas when compared with the erosional features of those shelves. We use the term rejuvenated shelves in the text for those that were formed at the LGM or before, but are now dominated by volcanic progradation. Nevertheless, these shelves still preserve some of their old evidence of erosion (shelf edges at 2123 m or deeper), although showing widespread volcanic progradation (low coastlines and the seafloor mostly covered by fresh lava flows). Another sign of shelf rejuvenation is the irregular basement of the sedimentary cover (assumed to have been deposited after 6.5 ka, ) that can be seen in seismic profiles. Irregular basements suggest that lava flows have prograded onto the shelf when sea level was at a higher position than the irregularity left by progradation and has not dropped since then. Otherwise, surf erosion would have smoothed these irregular features, creating sharp erosion surfaces (see examples of this interaction in Quartau et al. [2012, Figure 14] ).
The bathymetry, seismic profiles, topography, and onshore geology were integrated in a GIS environment to facilitate interpretation of the nearshore submarine morphology of the islands. The islands were divided into different shelf sectors based on their distinctive morphologies, which often have a clear correspondence with the onshore geomorphology. Three graphs were produced for each shelf sector showing the variation of shelf width, shelf break depth, and cliff height. On erosional shelf sectors, there is normally a good correspondence between these three morphologic indicators, i.e., high cliffs are present where there are wider shelves and deeper shelf edges. On the other hand, rejuvenated shelf sectors also have good correspondences, with low or absent cliffs occurring where there are narrow shelves and shallow shelf edges, although still showing localized evidence of their old age (isolated stretches of shelf edges at 2123 m or deeper and high cliffs). Between these two extremes (erosional and rejuvenated shelves) intermediate combinations of these characteristics exist. In order to produce the graphs of Figures S1_a1_i, S1_b1_i, S1_b1_iii, S1_c1_i, S1_c3_i, S1_d1_i, S1_d3_i, S1_e1_i, S1_e2_i and S1_f1_i (see supporting information) the bathymetry and topography were resampled to 50 m resolution. The depth of the shelf break and height of the cliffs (where present) in each sector was determined at 50 m intervals, respectively, from the bathymetric and topographic data. Profiles for each sector were constructed, at 50 m intervals as perpendicular as Geochemistry, Geophysics, Geosystems 10.1002/2015GC005733 possible to the coastline, from the shoreline to the shelf edge, to determine shelf width. Minimum, average, and maximum values of the three morphologic indicators of each sector are presented in Table 1 . The detailed description and discussion of the different shelf sectors defined in this study can be found at the supporting information section outside the main article. A brief presentation and discussion of the main results is presented in the following section. Readers are invited to skim the supporting information for a comprehensive understanding of the main interpretations achieved in this study.
Morphology of the Faial and Pico Island Shelves: Results and Implications
Conceptual Model of the Development of Rejuvenated Shelves
The distinct nearshore submarine morphologic features around Pico Island allowed their division into five main sectors (Figures 5a and 5b) . Their morphologies are directly linked to the evolution of the five main volcanic constructions along Pico Island. Thus, from east to the west we have the eastern Achada Plateau (sectors A1 and A2), the Topo volcano (sectors B1 and B2), the western Achada Plateau (sectors C1 and C2), the Pico Volcano (sectors D1 and D2), and the channel Faial-Pico (sectors E1, E2, E3, and E4). From A to D, these shelf sectors have always a north and south counterpart because they result from erosion of more or less centered onshore volcanism. The analysis of the data (Figures S1_a1 to S1_d4 in the supporting information and Table 1 ) shows shelves that have been formed by wave erosion and whose accommodation space has been continually diminished by volcanic progradation, although some subsidence has occurred. The seafloor is either filled by lava flows (brown areas in Figure 5b and Figures S1_a1_i, S1_b1_i, S1_b1_iii, S1_c1_i, S1_c3_i, S1_d1_i, and S1_d3_i) or sedimentary bodies (all areas that are not covered by lava flows or other unstructured rocky outcrops are sedimentary) underlain by a commonly irregular basement reflection which is typical of shelves dominated by recent volcanic progradation (Figures 6a and 6b and Figures S1_a2-S1_a5, S1_b2-S1_b4, S1_c2, S1_c4-S1_c5, S1_d2 and S1_d4 in the supporting information). Almost all the shelf sectors have edges at depths below 123 m (Table 1) , which suggests that these shelves were not completely filled by recent volcanic progradation. Their early edges were preserved and reflect an age of wave incision during the LGM and have subsided quickly, or at an earlier lowstand and subsided more slowly. GPS subsidence rates (5.7-7.2 mm/a) [Catalão et al., 2011] favor the first hypothesis, although as seen by the depth of shelf edges from volcanic edifices of known age in Faial and Terceira, longer-term subsidence rates are normally much lower (below 1 mm/a) [Quartau et al., 2010 [Quartau et al., , 2014 . Given also that the ages of the main volcanism of the adjacent edifices are significant older than the LGM, it is more likely that these shelves started forming at an earlier lowstand although significantly changed by post-LGM volcanic progradation.
Oceanographic conditions, coastline lithology, and gradient of the shelf surface can be very different around ocean island volcanoes worldwide; hence, one should expect a large variety of shelf widening rates. Nevertheless, several studies have shown that long-term (up to several Ma) shelf widening rates can vary between 0.6 and 9 mm/a [Dickson, Quartau et al., 2010] . However, these rates are underestimated because the effects of shelf-narrowing processes (mainly by volcanic progradation and shelf edge mass wasting), which can also differ greatly between islands, were not removed from these calculations. This is probably the reason, why, when looking at data for shorter periods (less than 100 ka), faster rates are reported. For instance, as in Faial (up to 60 mm/a [Quartau et al., 2010] ), Terceira (up to 34 mm/a, calculated from maximum width of sector 4 in Quartau et al.
[2014] and the 60 ka volcanism age from Hildenbrand et al. [2014] ), or Vulcano islands (up to 34 mm/a, calculated from Romagnoli [2013, Figure 3.9] ). The likelihood of some of these shelf-narrowing processes having occurred in such short periods is probably smaller, thus rates at this time-scale tend to approximate to net erosional values. On the other hand, rates tend to approximate over longer time scales because waveeroded surfaces trend toward a state of equilibrium, as they become wider and more gently sloping [Quartau et al., 2010; Trenhaile, 2000] . Therefore, the best way of determining which process is dominating (wave erosion or volcanic progradation) when comparing different shelf sectors is to use a dimensionless variable. This can be achieved by comparing the maximum shelf width (max_W) against minimum shelf width (min_W) within the same shelf sector (i.e., formed by erosion after the main volcanic phase of the same volcanic building). If a shelf sector is dominated by wave erosion, the ratio of max_W to min_W should be small. Shelf sectors that are rejuvenated should present high max_W to min_W ratios, if volcanic progradation is voluminous and heterogeneous, i.e., not constant along the entire coastline. Table 2 shows this analysis for Faial and Terceira based on data from Quartau et al. [ , 2014 , where shelves are mostly dominated by wave erosion, and for Pico shelves. The ratio of max_W to min_W in Faial and Terceira is generally between 1 and 2. The values higher than 2 on these islands are related to rejuvenated sectors (sectors A1 and A2 in Faial and sector 1 in Terceira) or changing wave exposure along the coastline (sector 3 in Terceira). The ratios for Pico's shelves are much higher (normally above 5 and up to 17). The sectors with lower ratios correspond to coastline segments where volcanic progradation were more or less homogeneous along-coastline, like sector B2 (ratio of 2). In shelf sectors where volcanic progradation is heterogeneous, such as sector B1 where the progradation of Ribeiras lava delta occurs on its east side, the ratio of max_W Geochemistry, Geophysics, Geosystems
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to min_W is high. Therefore, values higher than 5 appear to be good indicators of rejuvenation. The northfacing shelf sectors are generally wider than the south-facing sectors (Table 1) , an observation that is related to the greater exposure to wave action (both in frequency and energy, see section 2.3). Nevertheless, the abnormally narrow shelves of subsectors C1 and D1 relatively to their north-facing counterparts is explained by the greater volcanic progradation to the south. Alternatively, they could also be young erosional shelves formed by surf erosion after recent and voluminous activity of the western Achada Plateau and Pico Volcano. The only exception is the southern Topo subsector B1 that is wider than its northern counterpart (B2); B2 is dominated by lava delta morphology, probably related with infilling of the landslide scar [Costa et al., 2014] , which accounts for its smaller shelf width in comparison with B1.
A conceptual model of how these rejuvenated shelves develop is proposed based on the most common examples found around Pico (Figure 7) . The model is simplified by not including subaerial (explosive volcanism and stream erosion) and tectonic processes. However, it includes the two main processes (wave erosion and volcanic progradation) and their side effects (sedimentation, shelf width variation and minor slope failure at the shelf edge). The sequence starts with a volcanic island shelf formed by wave erosion during one or more glacial-interglacial sea level oscillations at a lowstand sea level position (SL1). From there it can evolve directly into i_a_3 or evolve first to a highstand sea level position with resultant cliff erosion and sediment deposition on the shelf (iii) and then on to a two end-member stage (iii_a_2 and iii_b_2):
1. From i to i_a_3. During the rise of sea level from the lowstand SL1 to the midstand SL2, significant volcanic progradation occurs entirely filling the erosional shelf (i_a_1). The shelf edge is moved landward and upward (represented by the red star). As sea level continues to rise to the highstand SL3, wave erosion of the lava flow occurs and produces a sharp erosional surface above the level of SL2 (represented by the black dot in i_a_2 and i_a_3). When sea level reaches SL3, a sedimentary body starts to grow by erosion of the cliff and nearshore deposits of the lava delta and transport of the eroded material to the mid and outer shelf. If volcanic activity continues, the coastline is moved again offshore, further reducing the shelf width (i_a_3). From i to i_a_3 the shelf edge is moved landward and upward (now represented by the green star).
2. From iii to iii_a_2. During the highstand SL3, volcanic progradation partially fills the shelf (iii_a_1), which was already covered by a sedimentary body (iii). Erosion of the coastline lava delta produces a small cliff (iii_a_2). From iii to iii_a_2, the shelf width is reduced but the depositional shelf edge maintains its position (represented by the green star in iii_a_2).
3. From iii to iii_b_2. During the highstand SL3, a significant volcanic progradation occurs filling the entire shelf, overlapping a previous highstand sedimentary body (iii_b_1). This provokes instability of the shelf edge and upper slope and mass wasting occurs, moving the shelf edge landward and upward. After this event, erosion of the coastline lava delta and production of a small cliff occurs (iii_b_2).
This model can be applied to other reefless volcanic island shelves where wave erosion and volcanic progradation are the main development processes, with the latter prevailing over the former. Geochemistry, Geophysics, Geosystems 10.1002/2015GC005733
Insular Shelf Sedimentation
Most of the superficial samples collected on the shelves around Pico Island revealed coarse sands to gravels and no relationship between grain size and depth (see Figures S1_a1_i, S1_b1_i, S1_b1_iii, S1_c1_i, S1_c3_i, S1_d1_i, and S1_d3_i and text in the supporting information). The finer samples were found on more protected bays and downstream of the mouths of small streams. Therefore, the lack of well-developed drainage, the narrow shelves, and the presence of high wave energy does not allow the development of wavegraded shelves where the grain size of seafloor sediments decreases with distance to the shore as seen in other environments [Dunbar and Barrett, 2005; George and Hill, 2008] . Consequently and similarly to Faial island's shelves , there is no relationship between depth and grain size on these shelves. Geochemistry, Geophysics, Geosystems 10.1002/2015GC005733
The Shelf Morphological Record as Key for Understanding the Evolution of the Faial-Pico Ridge
The shelf edge in the north part of the Faial-Pico channel (E4) has the same trend (NW-SE) as the onshore western Achada Plateau and its respective shelf edge (C2). The depth of the edge NW of Cedros volcano (G2) is extremely incised by gullies, but reaches depths of 300 m in the most preserved segments. These gullies together with well incised streams at the coastline probably reflect structural weaknesses related to the graben faults that extend to the west of the island (see dashed lines in Figure S1_f1 of the supporting information). The depth of the edges along all these sectors also shows that they have suffered subsidence, implying a relatively old age for their wave incision. The tectonic structures in the channel and the extension of this graben system onto the western Achada Plateau as well as to the west Faial, the depth of the Matuyama body and the three high-density bodies (1, 2, and 4 in Figure 3b ) in the channel, all trending NW-SE, point to an old structure controlling the construction of the proto Faial-Pico ridge. Hildenbrand et al.
[2012b] suggested a ridge structure for the Ribeirinha volcano based on the extension of magnetic negative values west of Faial. However, the above evidence suggests that instead a subaerial ridge structure developed before the construction of Ribeirinha volcano at 850 ka (a typical circular shield volcano ) and extended below the present-day Faial-Pico ridge (see also the supporting information). Subsectors A1, A2, and C2 still show this ridge direction, however the depth of their edges is well above that of subsector E4. Continuous volcanic progradation has most likely erased the morphological evidence of the deep shelf edge of this old structure on subsectors A1, A2, and C2.
The convex shelf edges at B1 and B2 sectors and their positions significantly deeper than 2123 m suggests that these sectors correspond to the incision of Topo volcano (see also sections S1.2 and S2.2 in the supporting information). In addition, the lack of convexity of the SW part of Topo suggests that also this part has collapsed (red dashed line in Figure 5b represents the likely location of the debris avalanche produced by this collapse). After the three collapses of Topo volcano (in the N, in the SW and in the SE), significant volcanism from the fissural system of Achada Plateau filled the scars.
In areas where morphological evidence of volcanic progradation exists, it is possible to roughly infer the timing of volcanic progradation of these shelves with the help of a sea level curve. We are assuming that erosional surfaces record the water level at that time (see section 3.2):
1. If the seafloor is covered by well-preserved lava flows or the basement under the sediments is irregular, volcanic progradation occurred after the LGM. The presence or not of sharp erosional features and their depth range marks the timing of the volcanic progradation. For instance, if sharp erosional features occur above 240 m, volcanic progradation occurred at 11.15 ka (using the sea level curve of Bintanja et al. [2005] ). A typical example of this is i_a_2 of Figure 7 (the black dot marks the depth of the beginning of wave incision). If no sharp erosional features are present besides a small shore platform and cliffs behind, it means that volcanic progradation occurred after 6.5 ka when sea level approached the present-day level. A typical example of this is iii_a_2 of Figure 7. 2. Uncliffed or slightly cliffed subaerial lava deltas also imply that these were emplaced when sea level approached the present-day level, 6.5 ka or later. A typical example of this is iii_b_2 of Figure 7 , which most likely corresponds in Pico to several undated examples, such as Ribeiras ( Figure S1_b1_i ) or São Mateus ( Figure S1_c1_i ) lava deltas.
A reconstruction of the evolution of the Faial-Pico ridge is therefore proposed based on the information given by the shelf morphological analysis (see supporting information), known volcanic stratigraphy, tectonics, gravity data and magnetization values:
1. Development of the Faial-Pico volcanic ridge (Figure 8a ) sometime before the emplacement of Ribeirinha volcano (i.e., before 850 ka).
2. Development of the proto island of Faial with the emplacement of the Ribeirinha volcano reaching maximum elevation at 850 ka [Hildenbrand et al., 2012b] (Figure 8b ). 
Implications for Hazard Assessment
In several places where the lava deltas reached the shelf edge in Pico Island, they have apparently triggered small slope failure and a consequent retreat of the edge (as the example iii_b_2 of Figure 7 ). This is in accordance with reports by other authors of the effects of lava deltas reaching steep submarine slopes, covered by unstable volcanic aprons [Bosman et al., 2014; Chiocci et al., 2008; Poland and Orr, 2014; Sansone and Smith, 2006] . Mapping the seabed offshore of these structures may therefore provide an indication of their potential for land collapse. Figure 9 shows the areas where lava progradation was voluminous enough to reach the shelf edge, triggering slope failures and provoking its retreat. These areas are potentially unstable and this can be a simple and time-effective way to assess likely future collapses, perhaps more efficient than using time series InSAR or GPS data. 
Conclusions
Multibeam bathymetry, seismic reflection profiles, and sediment samples from the nearshore submarine areas of Faial and Pico islands were used to map and characterize the morphology of the shelf environments. These insular shelves were formed by wave erosion of the flanks of the volcanic edifices of Faial and Pico islands. Pico insular shelves have been significantly modified by later volcanic progradation. Nevertheless, most of Pico's insular shelves still have edges at depths below 123 m (the LGM sea level) and, given that the adjacent volcanoes are older than the LGM they were probably created before and have subsided.
The morphology of Pico insular shelves, particularly expressed by the depth of their edges, well-preserved lava flow morphologies and the nature of their basement (sharp or irregular) beneath the sediments suggests whether they were last affected by wave erosion or volcanic progradation. This allowed us to reconstruct the history of these shelves and to put forward a conceptual model of the post-LGM morphologic development of the Pico shelves. They show a dominant role of volcanic progradation in their evolution, prevailing over wave erosion and allow us to classify many of these shelves as rejuvenated. In places where volcanic progradation has not been homogeneous along the coastline, a dimensionless variable (the ratio between the maximum and minimum shelf width) is proposed to discriminate between mainly erosional or mainly rejuvenated shelves. The ratio shows that Pico shelves are mostly rejuvenated when compared with the majority of the Faial and Terceira shelves. In addition, the history of these shelves together with the distribution of the gravity data, magnetization values and the onshore geomorphology were used to develop an evolutionary model for the Faial-Pico ridge. The interpretation of these data suggests that the first subaerial volcanism along this ridge is older than has been reported, i.e., before 850 ka.
Lava deltas reaching the shelf break around Pico Island have triggered small mass-wasting events and retreat of the shelf edges. At Ribeiras, this lava delta seems to be unstable and subsiding faster than the surrounding areas (see text in supporting information). Collecting multibeam bathymetry can reveal where these lava deltas have reached or not the shelf edge, hence providing an effective way, complementary to ground deformation monitoring, to assess hazard and produce maps of onshore areas that have a heightened risk for human occupation.
These results improve the understanding of the processes shaping island shelves at reefless volcanic ocean islands. In addition, the morphological analysis of the shelves provides a significant complement to unveiling the geological history of the islands as well as information for risk assessment and coastal land use management. 
